The antibacterial activity of purified rabbit lysozyme was kinetically investigated at concentrations comparable to those in normal rabbit serum and plasma serum. The bactericidal capability, lysozyme content, and electrophoretic composition of "purified /3-lysin," fractionated from normal rabbit serum, were also examined. In contrast to the extensive antibacterial activity of dilute normal rabbit serum observed in vitro, rabbit lysozyme was only weakly bactericidal for Bacillus subtilis. Inhibition of lysozyme enzymatic and bactericidal activities in normal rabbit serum by antilysozyme immunoglobulin G slightly reduced the initial rate of killing. The addition of neutralizing antibody or histamine (another lysozyme inhibitor) to partially purified bactericidal serum fractions had no effect on killing kinetics. Increasing the ionic strength of reaction mixtures containing normal serum or partially purified bactericidal fractions to levels which completely inhibited lysozyme activity resulted in stimulation of their respective killing kinetics. The addition of inhibitors to normal rabbit plasma serum completely eliminated its bactericidal activity. With regard to the killing of B. subtilis by rabbit and human blood fractions, these analyses clearly demonstrated that (i) although lysozyme is not a significant antibacterial component of normal rabbit serum, it represents the principal factor in normal rabbit plasma serum; (ii) different primary bactericidal mechanisms which are not detectable by singlepoint analyses operate in the sera of different species; and (iii) purified ,B-lysin isolated from normal rabbit serum by the classical procedure is a heterogenous mixture of components.
The bactericidal activity of normal mammalian sera has long been a subject of interest in the study of nonspecific host defense mechanisms and may play an important role in the initial stages of microbial invasion. Beginning with the observations of Fodor (12) and von Behring (42) in the late nineteenth century, which demonstrated the existence of heat-stable bactericides in blood and serum, numerous attempts have been made to isolate and characte-iize the factors involved. In the 1920s, Pettersson investigated the microbicidal spectrum of a class of thermostable substances found in various sera and demonstrated principal activity against gram-positive bacteria (32) . He applied the generic term /3-lysin to these heat-stable substances, in an effort to distinguish them from the heat-labile a-lysin (antibody and complement) of Buchner (3) .
Of the animals that have been examined, the sera of rabbits and rats contain the highest levels of /3-lysin activity, whereas those of humans, dogs, cows, and guinea pigs consistently exhibit only low levels of this bactericidal action (23, 28) . However, with few exceptions, the methods used to estimate the antibacterial potencies of these sera have been single-point turbidimetric (28) or plate count (7) assays, and possible variations in the bactericidal mechanisms of different species have not been considered. In addition, although most previous studies have been confined to examinations of bactericides present in rabbit serum, a variety of conflicting reports have appeared regarding the number of components involved (26, 32) , the requirements for cofactors (20, 27) (21) , (ii) its widespread occurrence in the tissues and fluids of rabbits (28, 34) and other mammals (11) , (iii) the implications that this enzyme may be of great significance in the control of tuberculosis (30) , and (iv) the demonstrated importance of lysozyme as the primary bactericidin present in human plasma serum active against Bacillus subtilis (36) . In the past, studies concerning the antibacterial action of rabbit lysozyme have used crude cell extracts as sources of this enzyme (9, 28) or have attempted to restore bentonite-adsorbed lysozyme activity by adding hen egg white lysozyme (28) . These indirect investigations have been hampered by the lack of purified enzyme.
Recently, we reported the purification of lysozyme from rabbit alveolar macrophages (6) and described its enzymic properties. In the present communication, we have examined in kinetic terms the antibacterial activity of purified rabbit lysozyme against B. subtilis, as well as the role of this enzyme in the serum and plasma serum bactericidal reactions. Confirming observations from other laboratories (9, 28) , the results reported here convincingly demonstrate that rabbit lysozyme accounts for only a minor portion of the antibacterial activity of normal rabbit serum observed in vitro. Some properties of the lysozyme-independent bactericidal component(s) of normal rabbit serum are described. The bactericidal and bacteriolytic actions of several other lysozymes were also examined.
MATERLALS AND METHODS
Preparation of serum and plasma serum. Whole blood was collected from healthy New Zealand white rabbits via the marginal ear vein or by cardiac puncture and allowed to coagulate at room temperature for 2 h, after which the collection tubes were rimmed and refrigerated at 4VC for 12 to 24 h. The clot was removed by centrifugation at 6,000 x g for 20 min at 40C, and the serum was pooled and stored at -20'C. Normal rabbit plasma serum (plasma serum) was produced by essentially the same procedure, except that blood was collected directly into precooled (on ice) plastic centrifuge tubes and cellular elements were removed by centrifugation (3,000 x g, 20 min, 40C) before coagulation. Normal human serum and normal human plasma serum were obtained as described by Selsted and Martinez (36) .
Purification of filter eluate fraction and purified fi-lysin. A partially purified bactericidal serum fraction was obtained by allowing 100 ml of normal rabbit serum to pass through a cellulose-asbestos sterilizing filter (Hercules) at 40C; the filter was then washed with distilled water, and an active fraction was eluted from the filter with 20 ml of 1.5 M NaCl. The volume of this undialyzed filter eluate fraction was adjusted to 25 ml with distilled water, with subsequent bactericidal assays conducted at a concentration of 0.5% (vol/vol), so as to correlate these results with 2% (vol/vol) normal rabbit serum. Since serum that passed through the sterilizing filter (filtered normal rabbit serum) was neither concentrated nor diluted, it was also examined at 2% (vol/vol).
The filter eluate fraction obtained above was further subjected to dialysis and differential centrifugation by the method of Donaldson et al. (7) . When resuspended in 2 ml of 1.5 M NaCl, the active highspeed sediment has been designated purified /B-lysin by those and subsequent investigators. For reasons discussed above, this fraction was examined at 0.04% (vol/vol).
Purification of rabbit lysozyme. Rabbit lysozyme was isolated from elicited alveolar macrophages and purified to homogeneity as previously described (6) . Purified human leukemic lysozyme was a generous gift from Michael E. Selsted. Hen egg white lysozyme (salt free) was obtained from Worthington Biochemicals.
Standard lysozyme assay. The concentration of lysozyme was quantitatively determined with a spectrophotometric assay (6) The incubation mixture for the bactericidal assay consisted of blood fractions and inhibitors, where appropriate, and glucose-phosphate buffer containing 0.1% bovine serum albumin, to a volume of 0.9 ml. The addition of bovine serum albumin to reaction mixtures was found to enhance the stability of bactericidal serum fractions, as found previously for dilute lysozyme solutions (6) , without affecting cell viability or resultant killing kinetics. After a 2-mmi preincubation at 370C, the experiment was initiated by adding 0.1 ml of the stock cell suspension (zero time; final concentration, 2 x 107 cells per ml). At timed intervals, samples were removed and serially diluted in glucosephosphate buffer, and appropriate dilutions were plated onto nutrient agar (Difco) by soft agar overlay techniques. Plates were incubated for 18 to 24 h at 370C, and the resulting colonies were counted. The kinetics of killing were evaluated by examining the VOL. 25, 1979 on October 18, 2017 by guest http://iai.asm.org/ Downloaded from reduction of colony-forming units (CFU) as a function of the original incubation period. All samples were examined at least in duplicate; values for replicate samples agreed within 10%.
Acrylamide gel electrophoresis and determination ofprotein. Analytical sodium dodecyl sulfatepolyacrylamide gradient gel electrophoresis was performed as previously described (6) . Aqueous stock lysozyme solutions were prepared, using an El"Cm (280 nm) of 22.5 for rabbit lysozyme (6) and an El"Cm (280 nm) of 25.5 for both human (5) and hen egg white (33) lysozymes. Protein concentrations of other samples were determined colorimetrically (22) , using dialyzed, lyophilized rabbit serum as a standard.
Inhibitors of rabbit lysozyme. Neutralizing antibody to rabbit lysozyme was produced as follows: 15 A/Jax mice were each given single intraperitoneal injections containing 30 tig of purified rabbit lysozyme in 0.1 ml of complete Freund adjuvant on day 1. On day 30, each mouse received an intraperitoneal injection of 50 Iyg of purified enzyme without CFA, and on day 45 the animals were bled out. A crude immunoglobulin G (IgG) fraction was precipitated from the collected serum by ammonium sulfate (4) and further purified by chromatography on diethylaminoethylSephadex (Pharmacia) at pH 8.0. Fractions containing IgG were pooled, dialyzed against phosphate buffer, and stored at -20'C. IgG from nonimmunized mice was fractionated by the same procedure. Lysozyme activity was not detectable in either IgG preparation. Histamine (free base, Calbiochem) was dissolved in phosphate buffer and titrated to pH 7.4 with HCl.
Concentrations used are described in the text. The ionic strength of reaction mixtures was increased with 1.5 M NaCl (Sigma) in phosphate buffer.
RESULTS
Before examining the antibacterial properties of purified rabbit lysozyme, the killing kinetics of dilute rabbit and human blood fractions were analyzed so that they might serve as standards for comparison. Figure 1 presents the results of an experiment in which B. subtilis was incubated with 2% (vol/vol) serum fractions for up to 120 min and CFU were determined. The data show large differences between the bactericidal capacities of normal rabbit blood fractions, as well as between corresponding rabbit and human fluids. Although produced from the same blood sample, rabbit serum and plasma serum reduced CFU of the test strain by 3.1 logs and 0.4 logs, respectively, after 20 min of incubation. This is in contrast to normal human serum and plasma serum, which reduced viability, albeit to a lesser extent ( h. This observation may explain the reported lack of bactericidal activity of rabbit plasma serum when analyzed by single-point 1-or 2-h assays (8, 18) . That these decreases in CFU were not due to cellular aggregation by serum components was confirmed by microscopic examination of reaction mixtures throughout the incubation period.
The bactericidal activity of purified f8-lysin fractionated from rabbit serum was found to be extremely unstable when stored at refrigerator (4°C) or freezer (-20°C) temperatures. Examination of samples obtained at various stages of the purification procedure was thus undertaken.
These studies revealed that whereas purified fllysin contained 30% of the filter eluate fraction bactericidal activity, it also contained 25% of the eluate protein. fore, in view of the gross preparation impurity, its instability, and the absence of significant increases in specific activity, purified f3-lysin was not further examined.
The filter eluate fraction, which contained less than 0.1% of the serum protein, retained most, if not all, of the serum bactericidal activity (Fig.  1) normal rabbit serum ranged from 0.5 to 1.5,g/ ml, filtration through the sterilizing filter consistently removed between 4 and 10% of the serum lysozyme, with 2 to 5% found in the filter eluate. It is apparent by the comparison of fluids seen in Fig. 1 Purified rabbit lysozyme exhibited little bactericidal activity against B. subtilis when tested at 50 ng/ml, roughly the equivalent of that in 2 to 5% serum (Fig. 3) . Further, comparison of the data presented in Fig. 3 with those in Fig. 1 suggested that lysozyme may account for the bactericidal activity seen in normal rabbit plasma serum. Concentrations of lysozyme in excess of 200 ng/ml, however, would be required to produce killing kinetics approaching those of 2% rabbit serum.
It has been suggested (29) that the bactericidal activity of rabbit lysozyme is the result of its enzymatic action, and not a nonspecific function of its cationic charge. If this is true, then lysozymes from different sources, which vary with respect to specific activity (6, 35, 36) , should produce comparable killing kinetics when tested VOL. 25 at concentrations producing equivalent rates of cq 12. lysis. In the standard lysozyme assay (Fig. 4a) (2, 40) , the lysis and killing of B. subtilis were examined under identical conditions. As suspected, the lytic rates of rabbit, human, and egg white lysozymes against B. subtilis in glucose-phosphate buffer (Fig. 5a) increased to yield tu = 0.3; all reactants were examined in the standard lysozyme assay before analysis of killing kinetics. Although control incubations demonstrated that viability of the test strain was unaffected by antibody or increased ionic strength, the presence of histamine (30 mM) in reaction mixtures caused cellular aggregation during the first few minutes of assay, resulting in a false reduction in CFU. This problem was eliminated by pretreating cells with histamine on ice for 20 min before initiating the experiment. In all cases, results obtained in this manner were identical to those with neutralizing antibody. The addition of mouse anti-rabbit lysozyme IgG, histamine, or NaCl at a concentration which completely inhibited lytic activity also eliminated the bactericidal activity of rabbit lysozyme (50 ng/ml) (Fig. 7a) . Identical results, i.e., complete elimination of bactericidal activity, were obtained with higher concentrations (up to 200 ng/ml) of neutralized lysozyme.
The addition of lysozyme inhibitors to samples of plasma serum containing 50 ng of rabbit lysozyme (Fig. 7b ) resulted in almost complete elimination of bactericidal activity. On the other hand, whereas the addition of specific IgG or histamine to filtered rabbit serum (Fig. 7c) partially reduced its killing kinetics, increasing the ionic strength of the medium resulted in significant increases in both the initial rate and the final extent of CFU reduction. Increasing the ionic strength of reaction mixtures containing either normal rabbit serum (Fig. 8a) or the filter eluate fraction (Fig. 8b ) also greatly enhanced both the rate and the extent of their respective antibacterial kinetics. The primary effect of lysozyme inhibition by neutralizing antibody or histamine on normal rabbit serum appeared to be a decrease in the initial rate of CFU reduc- tion. Pretreating the filter eluate with either neutralizing antibody or histamine had no effect on the bactericidal activity of this preparation.
DISCUSSION
Since the first observations concerning the action of normal serum on gram-positive bacteria, attempts have been made to quantitate the antibacterial factors present in mammalian fluids. For the most part, these methods have involved the single-point analyses of dilute serum samples and have assumed that the factors involved are, identical from one species to the next. The kinetic antibacterial analyses of normal human and rabbit sera and plasma sera presented in this report (Fig. 1) clearly demon- INFECT. IMMUN. strate significant differences in the relative abilities of these fluids to kill B. subtilis. These differences are apparent not only in the rate and extent of CFU reduction but also in the time required for maximal CFU reduction to occur. The accuracy of single-point analysis, thus, requires knowledge of reaction kinetics and cannot be used to correlate the serum activities of different species.
As stated earlier, the lysozyme levels in human serum and plasma serum have been shown to be identical, and it is the content of this enzyme which accounts for the majority of their antibacterial action (36; Selsted, unpublished data). The results presented here further illustrate the equivalent bactericidal effects of these fluids. In contrast, although normal rabbit serum and plasma serum also contain identical (though reduced) levels of lysozyme (see Table 1 ), they differ very significantly in their bactericidal capabilities (3.1-log verus 0.4-log reductions of CFU in 20 min, respectively). These data strongly suggest that the primary antibacterial factor in rabbit serum is not lysozyme and that the actual source of serum bactericides in these animals is not the same. The differences observed for rabbit serum and plasma serum imply that activity is "released" from cellular elements during coagulation or immune injury. Several investigators (13, 18, 43) have presented evidence suggesting that platelets are the source of rabbit serum bactericide(s).
Further evidence that lysozyme is not the primary bactericidal agent in rabbit serum comes from an examination of the purified enzyme in the standard killing assay. When tested at concentrations equivalent to those in 2 to 5% serum or plasma (50 ng/ml, Fig. 7a ), rabbit lysozyme exhibits little bactericidal activity. These data are consistent with the results of other investigations, indicating the limited antibacterial activity of crude, lysozyme-containing extracts from rabbit spleens (9) or alveolar macrophages (28 the absolute rates of enzymatic action but also in their relative specific activities. For example, against M. lysodeikticus, rabbit lysozyme has a specific activity 1.3 times that of the egg white enzyme. On the other hand, if assayed against B. subtilis, the situation is reversed, with the egg white enzyme 1.5 times more active than that of rabbits. Thus, the relative activities of different lysozymes must be viewed as a function of the substrate strain and cannot be generalized to other organisms. These observations must reflect variations in cell wall structure, i.e., the peptidoglycan of B. subtilis has been shown to contain un-N-acetylated glucosamine residues, the presence of which alters its susceptibility to lysozyme digestion (17) .
Rabbit, human, and egg white lysozymes all produce identical kinetics in the bactericidal assay when examined at concentrations producing equivalent lysis ofB. subtilis. These results demonstrate that the bactericidal capabilities of these lysozymes are solely a function of their enzymatic activities, as previously suggested by Myrvik et al. (29) . This interpretation differs from that of Selsted and Martinez (36) , but, as we have found dilute lysozyme solutions to be unstable in the absence of 0.1% bovine serum albumin (6) , the discrepancy may be attributable to their use of partially inactive enzyme preparations.
That lysozyme lytic activity is responsible for its bactericidal activity gains further support from the observation that inhibition of enzymatic activity by specific antibody, histamine, or elevated ionic strength (Fig. 6 ) also completely eliminates bactericidal activity (Fig. 7a) . Clearly, then, inhibition of enzymatic activity abolishes the bactericidal action of rabbit lysozyme. It may be argued that addition of neutralizing antibody or NaCl may interfere with some nonspecific bactericidal property of this enzyme, since antibody binding would be expected to occur at several loci (1) and since ionic interactions in general would be reduced. However, as histamine is believed to be a specific, nonionic inhibitor of lysozyme enzymatic activity (15) and since inhibition by histamine also prevents bactericidal activity, it would appear that enzymatic and bactericidal activities are interrelated. As a result, it should be possible to correlate the antibacterial actions of lysozymes by simple turbidimetric examination of their relative lytic abilities.
The altered killing kinetics of serum fractions in the absence of lysozyme activity leads to some interesting conclusions. Neutralization with antibody, histamine, or elevated ionic strength results in a dramatic reduction (if not elimination) of normal rabbit plasma serum bactericidal activity (Fig. 7b) . Thus, lysozyme must be the major anti-gram-positive-bactericidal agent present in rabbit plasma serum and, presumably, in the soluble portion of whole rabbit blood as well. Also, increasing the ionic strengths of reaction mixtures containing normal rabbit serum (Fig. 8a), filtered serum (Fig. 7c) , or the filter eluate (Fig. 8b) to levels which completely inhibit lysozyme activity greatly enhances their respective killing kinetics. These observations further distinguish lysozyme from the primary bactericidin(s) present in rabbit serum and indicate a higher ionic strength optimum for the latter. That inhibition of serum lysozyme by either neutralizing antibody or histamine (Fig.  8a ) results in only a slightly reduced rate of CFU reduction substantiates this conclusion. Since serum and the filter eluate exhibit very similar killing kinetics in the presence of either neutralizing antibody or elevated ionic strength, the two may be used, possibly in combination, to develop a specific assay for nonlysozyme serum bactericidal activity. Experiments are in progress to determine whether such an assay is capable of quantitating the serum bactericide(s).
Our observations are consistent with the suggestion presented by Matheson and Donaldson (25) that the cytoplasmic membrane may be the primary target of the nonlysozyme serum component(s). Making this assumption, we interpret our results to suggest that the increased rate of microbicidal activity in the presence of active lysozyme is the result of reduced cell wall integrity, thus facilitating penetration of primary serum components) to underlying target sites or cell lysis or both. A similar accessory role for lysozyme has been suggested by numerous investigators (10, 16; R. J. Martinez, manuscript in preparation) in the killing of gram-negative organisms mediated by antibody and complement. On the other hand, the electrophoretic analysis of purified fl-lysin presented here demonstrates the gross impurity of this preparation and suggests that the identification of f8-lysin by immunochemical methods is, as yet, premature.
Further purification of serum components) must be achieved before such analysis may produce reliable results. We have recently accomplished the isolation of the primary rabbit serum bactericide, the results of which will be presented in a separate communication.
Unfortunately, as has been the case with most in vitro studies of serum bactericidal reactions, the significance of these observations to the in vivo situation has yet to be determined. The apparent findings that platelet lysis is required for expression of the primary rabbit serum bactericide(s) (18) , as well as the reduced antibacterial action of rabbit lysozyme, are in direct contrast to the situation in human fluids. Furthermore, even in dilute solutions of normal rabbit serum, the bactericidal system active against gram-positive bacteria appears to be composed of at least two factors: the primary material, the activity of which is stimulated by elevated ionic strength, and the lesser component, lysozyme. These results demonstrate that different primary mechanisms of nonspecific host defense operate in different species and illustrate the potential pitfalls in attempting to generalize information from one animal to another. In any event, as has been suggested by Fleming and Allison (11) , Thompson (41) , and in a recent communication from this laboratory (36) , resistance of invading organisms to circulating (or injury-released) nonspecific bactericidal components is presumed to be a prerequisite for invasive potential. Characterization of these factors and their sources and modes of action should enhance our understanding of host defense mechanisms and provide answers concerning their role in resistance to infection.
